The biological features, population dynamics and secondary production of Carcinus maenas were studied between June 2003 and June 2004 in four areas within the Mondego estuary, Portugal. Benthic samples were collected monthly, during the night, at high water of spring tides using a 2-m beam trawl, and plankton samples were collected monthly, during the day, at high tide with a Bongo net. Only the first zoeae stage of C. maenas larvae was found in the plankton; it was collected at all sampling stations throughout the year. A continuous pattern of benthic recruitment was observed in the upstream areas of the estuary with the highest peaks occurring in the spring 2004. Females carrying eggs were also caught through the year, although mainly in downstream areas. Juveniles' sex-ratio was favourable to males at almost all the sites sampled. Ventral carapace colour varied between green and orange-red, with the proportion of the green morphotype increasing with the increasing distance from the mouth of the estuary. The proportion of crabs in moult also increased from downstream to upstream areas. For both sexes the crab population showed a similar size structure throughout the year. The upstream areas of the estuary were characterized by the dominance of juveniles, with adults migrating to downstream areas. The average annual production of C. maenas, P (growth production), was estimated at 0.08 g m ÿ2 y ÿ1 AFDW, and the average annual biomass (B) was estimated at 0.058 g m ÿ2 , resulting in a P=B ratio of 1.4.
Introduction
Carcinus maenas (L.) (Decapoda, Portunidae) is a widely distributed epibenthic species that inhabits hard and soft intertidal shallow habitats of European coasts and estuaries. This species is also found in the north-western Atlantic, and has recently colonized some areas in southern Africa, Australia and Pacific coast of North America (Cohen et al., 1995) . It has a complex life cycle with four pelagic zoeae and a megalopae (postlarval) stage that settles and metamorphoses into the first benthic crab stage. The duration of development from the first zoeae to the megalopae stage varies from 18 to 42 days, and the duration of the megalopae stage varies from 9 to 16 days, depending on temperature (Dawirs and Dietrich, 1985; Mohamedeen and Hartnoll, 1989) .
Juvenile crabs tend to remain in the high intertidal zone, whereas adults tend to perform vertical migrations, withdrawing to the subtidal zone during low tide (Crothers, 1968; Hunter and Naylor, 1993; Warman et al., 1993) . Different physiological and behavioural responses are known to take place in Carcinus maenas in relation to sex, size and carapace coloration. Intraspecific variability reflects the phenotypic adaptive responses of each individual in relation to their ability to withstand environmental variability (McGaw and Naylor, 1992b; Warman et al., 1993; .
Despite being one of the most studied intertidal crabs, much of our knowledge on Carcinus maenas is based on laboratory studies. Hence, due to its importance in temperate European estuaries and the need to document field data for the species, a monitoring programme was carried out in order to: (1) describe the species life cycle; (2) study the spatial distribution and variability of the species along the estuarine gradient and (3) estimate C. maenas secondary production.
Materials and methods

Study site
The Mondego estuary, a typical temperate intertidal estuary on the western coast of Portugal ( Fig. 1) , consists of two arms, North and South, with very different hydrological characteristics. The North arm is deeper (5e10 m during high tide, tidal range about 2e3 m), while the South arm (2e4 m deep, during high tide) is almost silted up in the upstream areas, which causes the freshwater of the river to flow essentially by the North arm. The water circulation in the South arm is dependent on tides and on the relatively small freshwater input from a tributary, the Pranto River, which is controlled by a sluice. The freshwater discharge from this tributary is regulated according to irrigation needs of the rice crop of Pranto Valley (Pardal et al., 2000 Martins et al., 2001; Marques et al., 2003; Cardoso et al., 2004) . Despite some eutrophication, evidenced by occasional spring macro-algal blooms, the South arm appears to be less disturbed by human activities and has apparently more favourable conditions for the development of abundant populations of typical estuarine species (Dolbeth et al., 2003; Cardoso et al., 2004) .
The South arm of the Mondego is under anthropogenic stress, which generates an ongoing eutrophication process. The symptoms of such process include seasonal intertidal macroalgal blooms of Enteromorpha spp., among others (Marques et al., 1997 Pardal et al., 2000 Pardal et al., , 2004 Martins et al., 2001; Cardoso et al., 2002 Cardoso et al., , 2004 Dolbeth et al., 2003; Verdelhos et al., 2005) . A management programme is presently underway, aiming to increase the ecological quality of the system and promote the recovery of seagrass beds, which are presently restricted to the downstream areas of the estuary (Verdelhos et al., 2005) .
Sampling programme
The population of Carcinus maenas was sampled monthly, from June 2003 to June 2004, at four stations (Mouth, South arm, Pranto and North arm) (Fig. 1) , using a 2-m beam trawl with a tickler chain and 5-mm mesh size in the cod end. All trawls were carried out during the night, at high water of spring tides. Temperature, salinity, dissolved oxygen, pH, and depth were measured simultaneously with crab samples' collections at each station. The distance covered by each trawl was determined using a portable GPS. Moreover, at each sampling station, sub-surface zooplankton samples were taken monthly, from June 2003 to May 2004, at high tide during the day, using a Bongo net of 0.5-m mouth diameter and 335-mm mesh size. A Hydro-Bios Flow-meter placed at the extremity of the net mouth quantified the volume of water filtered during each trawl. The sediment of the sampling stations was characterized from samples collected in the summer and autumn of 2003, and in the winter and spring of 2004, using a van Veen dredge.
Laboratory procedures
All crabs caught were counted, sexed, measured (carapace width, CW, to the nearest mm), and weighed (wet weight), and the reproductive condition (occurrence of females carrying eggs), colour morphotype ('green' and 'red'; according to McGaw and Naylor, 1992a,b) , and the presence of moulting crabs were marked. Juvenile crabs were sexed by observing the presence/absence of the copulatory pleopods in individuals more than 4.3 mm (the smallest male where copulatory pleopods were visible). A total of 3663 crabs (1725 males and 1938 females) were examined. Lengtheweight relationships were determined for production estimates, providing a regression equation for females and males, respectively (AFDW Z 0.00005CW 2.8586 , n Z 90, r Z 0.99; AFDW Z 0.00005CW 2.885 , n Z 98, r Z 0.99). Biomass was calculated as ash free dry weight (AFDW) (loss of ignition after 8 h of incineration at 450 C of specimens previously dried at 60 C for 10 days). Zooplankton sub-samples were obtained for abundance estimates using a Folsom plankton splitter (Bourdillion, 1964) . Carcinus maenas larvae were counted and identified according to the description by Rice and Ingle (1975) . Density was expressed as number of individuals per cubic meter (ind m ÿ3 ). Dried sediment samples were incinerated at 450 C for 8 h to estimate the percentage of organic matter. The different particle fractions were subsequently sorted through a set of sieves and weighed for sediment granulometry.
Data analysis
Modal distributions recognisable in successive sample dates were identified through size-frequency analysis. Computations were performed using the ANAMOD software (Nogueira, 1992) , which is based on the probability paper method (Harding, 1949) , as performed by Cassie (1954 Cassie ( , 1963 . The reliability of the method was tested employing the c 2 and G tests (P % 0.05). A canonical correspondence analysis was used in order to evaluate the relationships between the spatial distribution of crabs' age classes and colour forms densities, for both sexes, with environmental parameters. Computations were performed using CANOCO (Ter Braak and Smilauer, 1998) . Crabs density data were averaged by sampling area and season (summer, autumn, winter and spring). Temperature, salinity, dissolved oxygen, type of sediment, algae biomass, mean depth and benthos biomass were also included in the analysis as an environmental data matrix.
Annual average subtidal secondary production was estimated according to the size-frequency method modified by Benke (1979) .
where N j is the mean density in size class j (ind m ÿ2 ); W j the mean individual weight in size class j (mg AFDW); CPI the cohort production interval, i.e. mean length of crabs life (days); and j and j C 1 the consecutive size classes ( j Z 1, 2,., a).
Results
Characterisation of the sampling areas
The different sampling areas permit recognition of a typical estuarine gradient, with salinity, depth and dissolved oxygen increasing from the upstream to the downstream areas (Table 1) . The least variable parameter in spatial terms was pH, which showed only minor differences between sampling areas. Mouth sediments consisted mainly of fine to medium sand. The South arm and the Pranto River section exhibited similar sediment compositions, with a predominance of silts and clay, although the fine particles percentage was higher in the Pranto. The North arm sediments were mostly composed of medium to coarse sand. The Pranto presented the highest algal cover values (g m ÿ2 ) and the Mouth exhibited the higher benthos biomass (g AFDW m ÿ2 ). Although the Secchi depth was not determined (as the sampling program took place during the night), highest turbidity is usually found at the Pranto (Verdelhos et al., 2005) .
Abundance and population size structure
Only the first zoeae stage of Carcinus maenas was found in the zooplankton samples. It was found in all sampling stations through the year, being more abundant in January/February in the South arm ( Fig. 2A) . Benthic young juveniles (O10 mm CW) were also found all year round but almost exclusively at the Pranto (Fig. 2B) . In order to evaluate the probable time of postlarval maximum recruitment, the density of individuals of less than 5 mm present in the Pranto samples was examined (Fig. 2C) . Results suggest a continuous pattern of recruitment, although a clear increase occurred in spring, contrary to what has been observed 
in other temperate systems (Queiroga, 1993; Sprung, 2001) . Differences in density were observed between sampling stations (Fig. 2D ). Densities were much higher at Pranto (mean value of 116 ind 1000 m ÿ2 and a maximum 287 ind 1000 m ÿ2 ) particularly between March and June, which appears to be an obvious function of recruitment. In fact, differences in biomass between sampling stations were much less evident, and, despite presenting the highest densities, the Pranto did not show the highest biomasses (Fig. 2E ). These observations, combined with other results (see below), suggest migration to downstream as individuals become older.
Few ovigerous females of Carcinus maenas were caught during the study period, and always in the downstream areas, with a maximum in June 2003 and February 2004 . The average carapace width of females carrying eggs was 43 mm, with the largest one being 64 mm and the smallest one 29 mm. Most of the ovigerous females, nearly 70%, belonged to the red female morphotype. Ovigerous female typically place themselves at active burrows, which forced us to estimate sex ratio based only on juvenile specimens. In these conditions, the sex-ratio was in general favourable to males in winter months, but we must emphasize that no juveniles at all were captured in the North arm. Fig. 3 shows the size frequency distribution observed in male and female populations, which showed a similar structure throughout the year. Age classes 0C, 0CC, 1C, 2C, 3C and 4C were identified for both sexes (Fig. 4) , corresponding to young juveniles, juveniles and individuals of 1, 2, 3 and 4 years old, respectively, if we assume that Carcinus maenas reaches sexual maturity within the 30e40 mm size interval (Broekhuysen, 1936; Demeusey, 1958; Klein Breteler, 1975 , 1976a .
As for the Brachyura in general, the size increment at each moult, relative to initial size, decreases with the size of the animals. The size increments for the different age classes in the present study were 29%, 20% and 13% for females with 33, 43 and 52 mm carapace width, and 34%, 23% and 17% for males with 32, 43 and 53 mm carapace width. These CW values are the mean of the values obtained during the study period for individuals of 1, 2 and 3 years old.
Colour morphotype variability and moulting
The proportion of green crabs increased with increasing distance from the mouth of the estuary (58%, 89%, 98% and 72% at the Mouth, South arm, Pranto, and North arm, respectively). Regarding the whole set of individuals caught, the proportion of green crabs was 86%, with green males (93% of males) being more common than green females (81% of females).
The proportion of moulting crabs also increased from downstream to upstream areas (2%, 8%, 16% and, 7% at the Mouth, South arm, Pranto and North arm, respectively). Moulting crabs represented 10% of the total number collected, of which 73% were caught at Pranto (42% females and 58% males). Although moulting crabs were found throughout the year, the main moulting seasons were from April to June, for males, and from July to October, for females.
Spatial distribution
The first two axes of the CCA performed on the crabs' age classes and colour forms data accounted for 75% of the total variance and 83% of variance due to age classes and color forms e environment relations. The ordination diagram (Fig. 5) shows the main pattern of distribution in the Carcinus maenas population representing the centres of the age classes and color forms distribution in relation to sampling stations and seasons and to environmental variables.
Juveniles (F0C, F0CC, M0C and M0CC) are found in the left edge of the diagram being positively correlated with algae and mud variables, and associated with Pranto, mainly connected to spring. Females 1C and males 1C, 2C, 3C are associated with the South arm downstream areas. Salinity and coarse sediment were positively correlated with these age classes. Females 2C, 3C, 4C and males 4C were associated with depth and medium sediment component found at further downstream areas (Mouth). The individuals found in the North arm were correlated with depth and medium sand sediment, although this relation had a low magnitude. Red females and red males were strongly associated with downstream areas (Mouth), and with depth and dissolved oxygen. Green crabs were associated with upstream areas and with the fine sediment variable. , M4C e males; F green e females green; F red e females red; M green e males green; M red e males red; 1 e Mouth; 2 e South arm; 3 e Pranto; 4 e North arm; sum e summer; aut e autumn; wint e winter; spring e spring; temp e temperature; sal e salinity; O 2 e dissolved oxygen; mud e mud; silt e silt; fine e fine sand; medium e medium sand; coarse e coarse sand; depth e depth; algae e algae biomass; benthos e benthos biomass). of older than one-year-old crabs. Moreover, females more than one year old and the older males tend to continue their migration to downstream areas, the deeper part of the estuary, where females hatch their larvae. Based on the findings of Queiroga (1996) for the north coast of Portugal, a quick export of the first zoeae out of the estuary probably occurs, using selective tidal stream transport, and larval development takes place mainly in the ocean. The megalopae is the stage that reinvades the system, moving upstream to estuarine nursery areas for settlement.
Life cycle
Production estimates
The average annual growth production (P) of the subtidal population of Carcinus maenas was estimated at 0.08 g m ÿ2 y ÿ1 AFDW. The average annual biomass (B) was estimated at 0.058 g m ÿ2 , resulting in a P=B ratio of 1.4.
Discussion
Results obtained enabled a detailed assessment of some relevant data regarding the biology of the green crab Carcinus maenas in this temperate estuary. In general, the occurrence of this crab species in estuaries is well documented (e.g. Marques and Costa, 1984; Ameyaw-Akumfi and Naylor, 1987; McGaw and Naylor, 1992a; Queiroga et al., 1994; Cardoso et al., 2004) , but the chronology of reproductive events in the Mondego estuary was found to be quite different from the patterns described in the literature (Table 2) , not only from Northern Europe and North America, but also from other temperate zones. In Ria de Aveiro (Queiroga, 1993; Almeida and Queiroga, 2003) and in Ria Formosa (Sprung, 2001 ) settlement events can be detected from March onwards. In populations of Swansea (Naylor, 1962) recruitment is detected in June, in the Sweden coast in July (Moksnes, 2002) , and in Maine in August (Berrill, 1982) , indicating a latitudinal pattern. Also the breeding and the moulting season period increases from North to South. Nevertheless, in the Mondego estuary recruitment, breeding and moulting season can be detected throughout the year (Table 2) .
In fact, in the Mondego estuary there is a continuous pattern of recruitment throughout the year, mainly at Pranto. This nursery area offers a set of favourable environmental characteristics to megalopae settlement and to the growth of juveniles. Actually, the Pranto is the shallowest subtidal area in the estuary, being characterized by muddy bottoms, high percentage of algae biomass and turbid waters, providing more food resources and shelters relatively to predation. This result is consistent to previous studies demonstrating that shore crab megalopae avoid open sand and choose to settle in structured substrates of different kind (Moksnes, 2002) , that provide a refuge from predation (Moksnes et al., 1998) and also serve as a reservoir of small forms (Thiel and Dernedde, 1994) . Abundance of small crabs in these structured substrates can be extremely high. In Zostera noltii patches in South Portugal, Sprung (2001) (1976a,b) up to 600 m ÿ2 . Densities of over 1000 young juveniles m ÿ2 from seagrass beds and mussel banks have been found in both the Wadden Sea and in Sweden (Scherer and Reise, 1981; Moksnes, 2002, respectively) . The low juveniles density observed for the Mondego estuary in comparison to these observations are probably due to the sampling technique, since the crabs were collected just from subtidal areas using a beam trawl, which is more adequate as a relative estimate for larger juveniles and adults that use the deeper, less structured habitats more frequently. Also the peak of abundance would not be very sharp, because the reproduction is not limited to only a restricted period. Although this species breeds throughout the year, ovigerous females were more abundant during late winter and spring, being always captured downstream in the estuary, which apparently constitute the preferential spawning areas. The small number of ovigerous females captured in the present study might be explained as a selective advantage for these females to remain hidden and seek deeper more saline waters.
Carcinus maenas larvae release occurred all year round. Peak larval abundances, 10 larvae m ÿ3 , were low compared to other studies (e.g. Queiroga et al., 1994; Sprung, 2001 ). Queiroga's data show that the highest observed densities of first zoeae were about 150 larvae m ÿ3 , and Sprung obtained a peak larval abundance of about 160 larvae m ÿ3 . These different results are probably due to the time of the day and during the tidal period plankton samples were collected, since it is known that C. maenas larvae show highest peaks during nocturnal neap ebb tides (Queiroga et al., 1994) .
The strongly biased juveniles' sex-ratio towards the males in upstream areas during the winter months indicates that females probably migrate to downstream areas, when they are near to reach maturity or ready to mate. The size increments at moult obtained in the present work were in the same range as the ones observed by Queiroga (1993) but were lower compared to other works (e.g. Broekhuysen, 1936; Demeusey, 1958) . These data were obtained in experimental (optimal) conditions, which do not require an active search for food and other sources of stress, thus resulting in energy saving that can be directed to growth.
Carcinus maenas of the green morphotype are known to withstand a greater environmental stress than red crabs (McGaw and Naylor, 1992a,b; Reid et al., 1997) , in particular in relation to osmotic and oxygen decreased tolerance. This is reflected in the relative distribution of the two forms: green crabs are found more frequently in estuarine and intertidal habitats than red crabs, which are most abundant in open shore subtidal habitats. Moreover, at estuarine sites red females are more abundant than red males (Crothers, 1968; McGaw and Naylor, 1992b; Reid et al., 1997) . Thus, the pattern observed in the present field study is consistent with the ecophysiological differences reported in the literature between the 2 colour morphotypes. Our results also confirm that during moulting stage crabs tend to migrate to shallow waters and intertidal habitats, in order to avoid predation, as they are highly attractive to predators at this time (Reid et al., 1997 ).
The CCA analysis showed an intraspecific spatial variability connected to the migratory behaviour observed. This variability is associated with the size, sex and coloration of the individuals concerned. As stated before, these results are explainable if we account for the environmental variability in the study area. The field data also suggest that the Carcinus maenas population crabs are rare in the North arm, which does not present favourable conditions for the development of a stable population, probably due to strong currents, coarse sediments and common dredging activities related to the commercial harbour facilities.
The P=B ratio estimated in the present study was lower than in other European systems (Table 2 ), but we must take into account that in all previous studies the P=B ratio was estimated from intertidal areas' populations, where crabs are in average smaller (young grow faster) and densities are higher.
The present study revealed the occurrence of a differential spatial distribution in the population according to sex, size, moulting, and carapace coloration of the crabs inhabiting the Mondego estuary. This species spawn inside the estuary (at the mouth) and the first zoeae are mainly transported to coastal waters. Later occurs a reinvasion of the estuary by the megalopae stage, using selective tidal stream transport (Queiroga et al., 1997) . This study reinforces the notion that the exchange of meroplankton between estuaries and open coastal waters are of extreme importance. Moreover, specifically it helps to clarify the distribution pattern and life cycle of this species that present a high ecologic relevancy at local and regional scales.
